Several 3,6-disubstituted 1,2,4,5-tetrazines were synthesized by nucleophilic substitution using 3,6-bis-(3,5-dimethyl-pyrazol-1-yl)-1,2,4,5-tetrazine and 3,6-dichloro-1,2,4,5-tetrazine as electrophiles. All new compounds were characterized by 1 H NMR, 13 C NMR and vibrational spectroscopy, mass spectrometry and elemental analysis (C,H,N). For analysis of the thermostability, differential scanning calorimetry (DSC) was used. Especially, the symmetrically bis-3,5-diamino-1,2,4-triazolyl-substituted derivative shows a very high thermal stability up to 370 • C. Therefore its energetic properties were determined and compared with thoses of hexanitrostilbene (HNS). The crystal structures of 3,6-bishydrazino-1,2,4,5-tetrazine, 3,6-dichloro-1,2,4,5-tetrazine and 3-amino-6-(3,5-diamino-1,2,4-triazol-1-yl)-1,2,4,5-tetrazine dihydrate have been determined by low-temperature X-ray diffraction.
Introduction
1,2,4,5-Tetrazines, also known as s-tetrazines, have been first synthesized by Pinner in 1893 [1] . They have attracted attention of scientists in various fields of research: theoretical chemistry [2] , coordination chemistry [3] , pharmaceutical chemistry [4] , and natural products chemistry [5] amongst others. Research for special applications of this compound class includes anti-corrosion agents [6] and sensors [7, 8] . A detailed review of the recent advantages and applications of stetrazine chemistry in general is given by Saracoglu et al. [9] . The properties of s-tetrazines are directly related to their electronic structure. Waluk et al. [10] have provided a simple model for the qualitative MO analysis of s-tetrazines.
A further interesting field of research are the energetic properties of 1,2,4,5-tetrazines, namely for secondary explosives, propellants and low smoke pyrotechnical fuels. Especially gun powder mixtures benefit from nitrogen-rich compounds. To get rid of the widely known problems of barrel corrosion in gun and rocket propellant systems, thermally stable compounds with low carbon and high nitrogen content are of great interest [11, 12] . The main contributors to the chemistry of energetic s-tetrazines have been Chavez and Hiskey from the Los Alamos National Laboratory in New Mexico, USA [13 -16] . Thermally stable secondary explosives are widely needed for special applications such as drilling deep oil-wells and space exploration. The research on heat-resistant explosives was reviewed e. g. by Urbanski and Vasudeva [17] , Agrawal [18] and Sikder [19] . The state of the art reference in these applications is hexanitrostilbene (HNS), which is easily synthesized by oxidation of 2,4,6-trinitro-toluene (TNT) and is stable up to 318 • C.
In the work reported herein, further nitrogen-rich substituted 1,2,4,5-tetrazines were investigated. Especially the 3,6-bis-(3,5-diamino-triazol-1-yl)-1,2,4,5-tetrazine derivative (8) is of great interest because of its high thermostability and high weight percentage of nitrogen content. The detonation parameters of 8 were determined using the EXPLO5 V.5.05 and V6.01 computer code and compared with those calculated for HNS. Crystal structures of 3,6-bishydrazino-1,2,4,5-tetrazine (2), 3,6-dichloro-1,2,4,5-tetrazine (3) and 3-amino-6-(3,5-diamino-1,2,4-triazol-1-yl)-1,2,4,5-tetrazine (9) were determined by low-temperature X-ray diffraction. 
Results and Discussion

Syntheses
Scheme 1 illustrates already known syntheses of the commonly used 1,2,4,5-tetrazines, on which nucleophilic substitution reactions were carried out [13 -16] . After preparing these four precursors (1 -4), as described in the literature, we tested nucleophilic substitutions using imidazole, pyrazole, triazole, and 3,5-diamino-triazole. Compound 3 is not long-time stable on air. However, solutions in acetonitrile (0.6 M) proved to be stable at 4 • C for about one month. The purity of this solution was established by 13 C NMR in CDCl 3 , in which only one signal at 168.4 ppm of (3) and those of acetonitrile (1.9 and 117.6 ppm) occurred. The investigated substitution reactions are illustrated in Scheme 2.
The reaction of 1 with imidazole yielded 5, as carried out already by Russian researchers [20] . Pyrazole has not been used yet, so we successfully obtained 6 using the same reaction conditions. Remarkably, no reaction occurred when triazole was used as the nucleophile in this reaction. In contrast to this result, when 3 is used as electrophile, the yield of compound 7 is about 80 %. For this reaction the choice of the solvent is important. If only acetonitrile is used, no reaction occurs at all. Therefore an excess of acetone (10 : 1) was used in this reaction. All three compounds 5, 6 and 7 precipitated during the reaction as fine orange powders. To enhance the thermostability of these symmetrically 3,6-disubstituted 1,2,4,5-tetrazine derivatives we also repeated the reaction with 3,5-diamino-1,2,4-triazole as nucleophile. Using 1 as electrophile only the mono-substituted product was obtained, which is not interesting for our applications, because of its high carbon content. The reactivity of 1,2,4,5-tetrazines in this type of processes was investigated comprehensively by Hungarian researchers in 2003 [21] . The reaction of 3 with 3,5-diamino-1,2,4-triazole results only in the disubstituted product 8. We also tried the reaction of 3,5-diamino-triazole with 3-amino-6-chloro-tetrazine (4) as electrophile. This reaction gave compound 9 in 72 % yield. We always used four equivalents of the nucleophile, if 3 was used as electrophile. Chavez et al. already have described that the reaction of 3 with four equivalents 3-azido-1,2,4-triazole gave two equivalents of 3-azido-1,2,4- triazolium hydrochloride as a side product. That means that two molecules HCl are intercepted by the nucleophile [22] . This hydrochloride species of the used nucleophile also precipitated in the reaction but could be removed by washing the crude compound with an excess of water. We also used more electron-deficient nucleophiles like 3-nitro-1,2,4-triazole, 3,5-dinitro-1,2,4-triazole and 5-nitro-tetrazole, but none of these reacted with 1,2,4,5-tetrazines as electrophiles. The crystal structures of compounds 2, 3 and 9 were determined by low-temperature X-ray diffraction. 
Crystal and molecular structures
Single crystals suitable for XRD were obtained of 2, 3 and 9. Selected data and parameters from the lowtemperature (173 K) X-ray data collection and refinements are given in Table 1 . Further information regarding the crystal structure determinations have been deposited with the Cambridge Crystallographic Data Centre [23] .
Single crystals of 2 in the form of small red blocks were grown from an acetonitrile/water mixture. The compound crystallizes in the monoclinic space group P2 1 /c with 2 formula units per unit cell and a density of 1.73 g cm −3 . Figure 1 shows the molecular unit with its center of inversion in the middle of the tetrazine moiety. The packing of the molecules is directed by three N-H hydrogen bonds involving all of the hydrogen atoms of the hydrazine groups, the strongest being observed between N3 and N4 ii (N3-H3· · · N4 ii , 0.88(3), 2.12(3), 2.980(2)Å, 165.3 (19) 
Single crystals of 3 were obtained by slow evaporation of a 0.6 M solution in acetonitrile. 3 crystallizes in the orthorhombic space group Pbca with 4 formula units per unit cell and a high density of 1.96 g cm −3 at a temperature of 173 K. Again the molecular unit, which is shown in Fig. 2 , features a center of inversion.
Molecules of 3 are stacked in alternating AB layers (Fig. 3A) . In these layers A and B the molecules have different orientations. Figure 3B shows a larger section of the wave-like layer structure along the c axis. The distance between two molecules lying above each other along the a axis is 6.488(3)Å.
Single crystals of the dihydrate of 9 suitable for XRD were obtained from water. After a concentrated solution was cooled to 4 • C, red needles slowly started to crystallize. Compound 9 crystallizes in the orthorhombic space group Pbca with 8 formula units in the unit cell and a density of 1.62 g cm −3 (at 173 K). Figure 4 shows an excerpt of four molecules of 9 with respect to the intermolecular hydrogen bond interactions. The corresponding data are presented in Table 2 tetrazine, or the nitrogen atoms of the rings participate in the hydrogen bonding network. In total a wave-like layer structure of the tetrazine molecules is formed. Between the layers of molecules, the water molecules form strong hydrogen bonds, between themselves and the triazole moieties, stabilizing the structure.
Energetic properties and thermostability
Fig . 5 shows the curves of the differential scanning calorimetry (DSC) measurements of compounds 5 -9 with a heating rate of 5 K min −1 . In Table 3 Fig. 5. DSC curves of compounds 5 -9.
Compound
T dec.
• (C Because of the high decomposition temperature of 8 we calculated the enthalpy (∆ f H • ) and energy of formation (∆ f U • ) using the CBS-4M method. Gas phase heats of formation [∆ f H • (g, M)] were calculated with the atomization method using CBS-4M enthalpies (computed by GAUSSIAN09W.A.02) [25 -30] . The gas phase enthalpies of formation ∆H m (g) were converted into the solid-state enthalpies of formation [∆H m (s)] by using the Trouton rule [31, 32] .
From these values it is possible to calculate the detonation parameters of compound 8 in comparison to HNS, using EXPLO5 V.5.05 and the most recent version V.6.01 [33 -35] . For this calculation the density of compound 8 (ρ = 1.75 g cm −3 ) was obtained by pycnometric density measurements. An overview of the energetic properties of compound 8 in comparison to HNS is given in Table 4 .
As can be seen from Table 4 compound 8 has a much higher heat of formation than HNS. This is related to the high content of endothermic N-N and C-N single and double bonds. HNS, however, consists of six exothermic nitro groups and two aromatic benzene moieties. The densities of 8 and HNS are in the same range. Whereas the two compounds are insensitive towards friction, HNS decomposes in the BAM drophammer test when impact energies larger than 5 Joules are used. Tetrazine 8 is insensitive towards impact stimulus. Regarding the detonation parameters one can assume that HNS is superior relating to the explosion energy (-∆ Ex U • ). The most significant values for secondary explosives are the detonation pressure (P CJ ), the detonation velocity (V Det. ), the thermostability (T Dec.) and the sensitivities towards external stimuli, as described above. Regarding V Det. , P CJ and T Dec. , one can assume that compound 8 is superior to HNS.
Low combustion temperatures (T comb. ) and a high N 2 /CO ratio in the combustion gases are desirable in order to reduce gun barrel erosion problems caused by the formation of iron carbide [36] . State of the art gun propellants are nitrocellulose, mixtures of nitrocellulose and nitroguanidine, and nitroglycerine. Nitrocellulose (12 % nitrogen content) has a combustion temperature of 2310 K but a high content of carbon, what accelerates the wear of gun barrels. Compound 8 has a nitrogen content of 71 % but does not burn completely without residue in the flame. Compound 8 can be used as additive in mixtures with nitroguanidine or nitroglycerine to enhance the nitrogen content of the whole composition.
Small-scale reactivity test (SSRT)
The SSRT of compound 8 was carried out in comparison to HNS. A defined volume (HNS: 470 mg, density: 1.74 g cm −3 , 8: 473 mg, density: 1.75 g cm −3 ) was pressed into a perforated steel block [37] . This was topped with a commercially available detonator (Orica, DYNADET-C2-0ms). Initiation of the tested explosive resulted in denting a separate aluminum block, which was placed right underneath the steel block. The volume of the dent was then filled with sand to compare the performance of HNS and 8. The test showed that HNS is superior and the dent could be filled with 672 mg sand in comparison to 8 where only a very small dent was detected, which is caused by the used detonator. The non-initiation of compound 8 could be explained by the assumption that the critical diameter, which could not be determined at the time, is too high.
Conclusion
• The crystal structures of 3,6-bis-hydrazino-1,2,4,5-tetrazine, 3,6-dichloro-1,2,4,5-tetrazine and 3-amino-6-(3,5-diamino-1,2,4-triazol-1-yl)-1,2,4,5-tetrazine could be determined by low-temperature X-ray diffraction.
• The disubstituted products, using imidazole, pyrazole and 1,2,4-triazole as nucleophiles, could be synthesized in high yields.
• Synthesizing 3,6-bis-(1,2,4-triazol-1-yl)-1,2,4,5-tetrazine (7) requires different solvent combinations and 3,6-dichloro-1,2,4,5-tetrazine as a strong electrophile in comparison to compounds 5 and 6, which are accessible using 3,6-bis(3,5-dimethyl-pyrazol-1-yl)-1,2,4,5-tetrazine as electrophile.
• When 3,5-diamino-1,2,4-triazole is used as nucleophile the resulting products 8 and 9 show very high thermal stability.
• Compound 8 appears to be the thermally most stable 1,2,4,5-tetrazine compound known in the literature so far.
• Compound 8 could not be initiated in a SSRT setup.
A potential explanation could be the fixed diameter of the test setup (predefined volume), which was possibly below the critical diameter of 8.
Experimental Section
General procedures
The single-crystal X-ray diffraction data were collected using an Oxford Xcalibur3 diffractometer with a Spellman generator (voltage 50 kV, current 40 mA) and a KappaCCD detector. The data collections were undertaken using the CRYSALIS CCD software [38] , and the data reductions were performed with the CRYSALIS RED software [39] . The structures were solved with SIR-92 [40] , refined with SHELXL-97 [41] and finally checked using PLATON [42] . In all structures the hydrogen atoms were located and refined. The absorption was corrected using the SCALE3 ABSPACK multi-scan method [43] .
Raman spectra were recorded with a Bruker Multi-RAM FT-Raman instrument fitted with a liquid nitrogen cooled germanium detector and a Nd:YAG laser (λ = 1064 nm). Infrared spectra were measured with a PerkinElmer Spectrum BX-FTIR spectrometer equipped with a Smiths DuraSamplIR II ATR device. All spectra were recorded at ambient temperature, the samples were solids. NMR spectra were recorded at 25 • C with a Jeol Eclipse 400 ECX instrument, and chemical shifts were determined with respect to external Me 4 Si ( 1 H, 400.2 MHz; 13 C, 100.6 MHz). Mass spectrometric data were obtained with a Jeol MStation JMS 700 spectrometer (DCI+). Elemental analyses (C/H/N) were performed with a Elementar Vario EL analyzer. Melting points were determined in capillaries with a Büchi Melting Point B-540 instrument and are uncorrected. Decomposition points were determined by differential scanning calorimetry (DSC) measurements with a Linseis DSC-PT10, using a heating rate of 5 • C min −1 . Pycnometric measurements were carried out with a Quantachrome helium gas pycnometer. Sensitivity data (impact and friction) were performed using a drophammer and friction tester according to BAM (recommendations from Bundesanstalt für Materialforschung und -prüfung) [44 -49] . Electrostatic sensitivities were measured with a OZM small scale electrostatic discharge tester [50]. 
